A Widespread Bacterial Type VI Secretion Effector Superfamily Identified Using a Heuristic Approach  by Russell, Alistair B. et al.
Cell Host & Microbe
ResourceA Widespread Bacterial Type VI Secretion Effector
Superfamily Identified Using a Heuristic Approach
Alistair B. Russell,1,5 Pragya Singh,2,5 Mitchell Brittnacher,3 Nhat Khai Bui,4 Rachel D. Hood,1 Mike A. Carl,1
Danielle M. Agnello,1 Sandra Schwarz,1 David R. Goodlett,2 Waldemar Vollmer,4 and Joseph D. Mougous1,*
1Department of Microbiology
2Department of Medicinal Chemistry
3Department of Immunology
University of Washington, Seattle, WA 98195, USA
4Centre for Bacterial Cell Biology, Institute for Cell and Molecular Biosciences, Newcastle University, Newcastle upon Tyne NE2 4HH, UK
5These authors contributed equally to this work
*Correspondence: mougous@u.washington.edu
DOI 10.1016/j.chom.2012.04.007SUMMARY
Sophisticatedmechanisms are employed to facilitate
information exchange between interfacing bacteria.
A type VI secretion system (T6SS) of Pseudomonas
aeruginosa was shown to deliver cell wall-targeting
effectors to neighboring cells. However, the gener-
ality of bacteriolytic effectors and, moreover, of
antibacterial T6S remained unknown. Using parame-
ters derived from experimentally validated bacterial
T6SS effectors we identified a phylogenetically
disperse superfamily of T6SS-associated peptido-
glycan-degrading effectors. The effectors separate
into four families composed of peptidoglycan
amidase enzymes of differing specificities. Effectors
strictly co-occur with cognate immunity proteins,
indicating that self-intoxication is a general property
of antibacterial T6SSs and effector delivery by the
system exerts a strong selective pressure in nature.
The presence of antibacterial effectors in a plethora
of organisms, including many that inhabit or infect
polymicrobial niches in the human body, suggests
that the system could mediate interbacterial interac-
tions of both environmental and clinical significance.
INTRODUCTION
Bacteria are under immense competitive pressure for limited
resources, which has shaped the evolution of a number of antag-
onistic antibacterial pathways (Hayesetal., 2010;Konovalovaand
Søgaard-Andersen, 2011; Rendueles and Ghigo, 2012). These
pathways often target conserved processes that are not easily
modified. One such target is bacterial cell wall peptidoglycan, a
structure that is essential for maintaining osmotic stability and
cell shape (Vollmer et al., 2008). Despite its many variations, the
fundamental structure of peptidoglycan is highly conserved
throughout the domain Bacteria. The Gram-negative cell wall is
sequestered from the extracellular milieu by an outer membrane;
nevertheless, some cell wall-targeting molecules can overcome538 Cell Host & Microbe 11, 538–549, May 17, 2012 ª2012 Elsevier Ithis barrier. Examples include colicin M, which degrades
peptidoglycan precursors, and pesticin, which degrades the
mature sacculus (El Ghachi et al., 2006; Vollmer et al., 1997).
The type VI secretion system (T6SS) of Gram-negative
bacteria is a contact-dependent protein translocation apparatus
thought to resemble an inverted bacteriophage puncturing
device (Jani and Cotter, 2010; Records, 2011; Schwarz et al.,
2010a; Veesler and Cambillau, 2011; Basler et al., 2012). The
system has recently been demonstrated to act as a pathway
for the delivery of antagonistic effectors to adjacent bacteria
(Hood et al., 2010; Russell et al., 2011). This finding is consistent
with the structural homology of the system to bacteriophage, as
both effector delivery and phage entry appear to occur in an
analogous fashion. Proteins delivered to bacteria by this system
include Tse1–Tse3 (type VI secretion exported 1–3), substrates
of the hemolysin coregulated protein secretion island I-encoded
T6SS ofPseudomonas aeruginosa (H1-T6SS) (Hood et al., 2010).
Tse1 and Tse3 are bacteriolytic enzymes that degrade the pepti-
doglycan of recipient bacteria, whereas Tse2 is bacteriostatic
through an unknown mechanism (Li et al., 2012; Russell et al.,
2011).
Unlike other peptidoglycan-targeting molecules that affect
Gram-negative bacteria, Tse1 and Tse3 have no intrinsic means
of translocating the outer membrane. These effectors instead
rely on the T6S apparatus for delivery to the periplasmic
compartment of recipient cells. Within the periplasm, Tse1
functions as a cell wall amidase by cleaving the g-D-glutamyl-
L-meso-diaminopimelic acid bond, while Tse3 functions by
hydrolyzing the b(1,4) linkage between N-acetylmuramic acid
and N-acetyglucosamine (Russell et al., 2011). Both Tse1 and
Tse3 appear to transit through the T6S apparatus in one step,
bypassing the periplasmic space of the donor cell. This prevents
the producing cell from intoxicating itself with Tse1 or Tse3 in
transit. However, the H1-T6SS of P. aeruginosa can target neigh-
boring clonal P. aeruginosa cells (Hood et al., 2010). Due to the
ability of the H1-T6SS to engage in self-targeting interactions,
P. aeruginosa cells can intoxicate one another via T6SS-
delivered effectors. This intercellular self-intoxication is over-
come through the production of specific cognate immunity
proteins, Tsi1 and Tsi3, which reside in the periplasmic compart-
ment and protect against the activities of Tse1 and Tse3, respec-
tively (Russell et al., 2011).nc.
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targeting T6S derive from the H1-T6SS and its substrates.
Without further understanding obtained from the identification
of other T6SS substrates, it remains unclear whether these
insights are generally applicable. For example, our laboratory
previously demonstrated that T6SS-1 of the soil saprophyte
Burkholderia thailandensis provides cell contact-dependent
fitness to the organism during growth competition assays
against certain Gram-negative bacteria (Schwarz et al., 2010b).
The specific effector proteins utilized by T6SS-1 and for several
other demonstrated antibacterial T6SSs have yet to be defined
(MacIntyre et al., 2010; Murdoch et al., 2011). Therefore, a major
bottleneck in the study of bacteria-targeting T6S is the identifica-
tion of the substrates that mediate T6S-dependent effects.
Both bioinformatic and traditional experimental approaches
have been fruitful in the identification of proteins exported by
alternative bacterial secretion pathways. However, the applica-
tion of such approaches to the identification of T6S substrates
is complicated by the fact that determinants for passage through
the T6S apparatus are not currently apparent, and the pathway
is repressed under standard laboratory conditions in many
organisms (Bernard et al., 2010; Silverman et al., 2011). Here
we sought to develop a general method for the identification of
antibacterial T6S substrates. We initiated our study by defining
substrates of B. thailandensis T6SS-1 using mass spectrometry
(MS). Analysis of these data revealed characteristics shared
between a B. thailandensis T6SS-1 substrate and proteins
previously found to transit the H1-T6SS of P. aeruginosa. These
commonalities were exploited to develop a heuristic informatic
approach for the large-scale identification of T6S substrates.
With this approach, we discovered a phylogenetically diverse
and broadly distributed superfamily of T6S effectors. Our
findings reveal a general paradigm describing the mechanism
of interbacterial T6S and suggest that it plays a broad role in
shaping clinically and environmentally relevant microbial
communities.
RESULTS
Identification and Genomic Analysis of T6SS-1
Substrates
In an effort to deepen our understanding of interbacterial T6S
effector function, we sought to define the substrates of
B. thailandensis T6SS-1 (Schwarz et al., 2010b). To this end,
we first established a reference secretome using wild-type
B. thailandensis. Using MS, we identified a total of 232 proteins
in the supernatant fraction of log phase cultures. Of these, 114
were present in each of the three replicates conducted
(Table S1). This variability stems from low-abundance proteins;
the average spectral count (SC) of variably present proteins
was <20% (8 SC) of those detected in all replicates (43 SC).
Based on this correlation, we did not include variably present
proteins in further analyses.
Next, we determined the secretome of B. thailandensis
DT6SS-1 and compared it to the wild-type reference. This
analysis identified 13 proteins reproducibly absent from the
DT6SS-1 secretome (Figure 1A and Table S1). The absence of
these proteins appeared specific, as their average abundance
was high (34 SC), and the secretion of the remaining referenceCell Hsecretome proteins was largely unaffected in the mutant strain.
Our observations also appeared relevant to T6S, as only two of
the proteins are predicted substrates of alternative secretory
pathways and four are VgrG homologs (Table S1). To determine
the specificity of these proteins for export by T6SS-1, we also
measured the secretome of a B. thailandensis strain with an
inactivating mutation in another of its five T6SSs. We chose
T6SS-5 for this experiment, since this system is the only other
to have been linked to a phenotype—attenuated virulence in
mammalian infection models—in B. thailandensis and closely
related organisms (Pilatz et al., 2006; Schell et al., 2007; Schwarz
et al., 2010b). Notably, none of the 13 proteins dependent upon
T6SS-1 for export were absent or found in significantly lower
abundance in the DT6SS-5 secretome (Figure 1B). Finally, the
secretome of a strain inactivated in all five T6SSs (DT6S) lacked
only one protein in addition to those that were T6SS-1 depen-
dent (Figure 1C). From these data, we conclude that T6SS-1 is
specifically required for the export of at least 13 proteins from
B. thailandensis. Furthermore, our analyses demonstrate that
the remaining B. thailandensis T6SSs may be quiescent with
regard to substrate export under in vitro conditions.
Substrate export via the T6SS is thought to occur in a Sec-
independent fashion. Thus, the lack of two proteins containing
N-terminal signal peptides, BTH_II0639 and BTH_I2723, from
the DT6SS-1 secretome is most likely explained by pleiotropic
effects rather than their direct reliance upon T6SS-1 for export.
In light of these data, we do not classify these proteins as puta-
tive T6SS-1 substrates in this report.
The genes encoding the remaining 11 proteins requiring
B. thailandensis T6SS-1 for export clustered nonrandomly in
the genome. Five are found within a single gene cluster, and
four others are distributed among the two copies of a region of
the genome that apparently underwent a recent duplication
event (Figure 1D). This duplication event gave rise to two vgrG
genes encoding identical VgrG proteins, making it impossible
to determine the relative contributions of these loci to the
secreted protein we observe using MS (Table S1).
Several of the putative T6SS-1 substrates have predicted
functions consistent with the known role of T6SS-1 in mediating
interbacterial interactions. Structure-based algorithms predict
extensive structural similarity between two of the proteins,
BTH_II0310 and BTH_I2691, and bacteriocins LlpA and colicin
Ia, respectively (Cascales et al., 2007; Parret et al., 2003).
Although to our knowledge there is no prior experimental
evidence for the secretion of a bacteriocin-like protein by a
T6SS, predicted bacteriocins have been found in association
with the T6SS (Blondel et al., 2009). Particularly germane to
our current study, we found that another putative substrate of
T6SS-1, BTH_I0068, has predicted structural homology with
peptidoglycan amidase enzymes (Firczuk and Bochtler, 2007).
This is of interest, as our laboratory previously showed
that Tse1, an antibacterial effector of the H1-T6SS of
P. aeruginosa, acts as a peptidoglycan-degrading amidase
(Russell et al., 2011). Given the genetic linkage and predicted
antibacterial properties of many of the putative B. thailandensis
substrates, it is likely that these proteins are extracellular compo-
nents or effectors of T6SS-1. In our effort to better understand
the significance of cell wall-targeting T6S effectors, we decided
to focus further study on BTH_I0068.ost & Microbe 11, 538–549, May 17, 2012 ª2012 Elsevier Inc. 539
Figure 1. Identification of B. thailandensis T6SS-1 Substrates
(A–C) Comparison of individual protein abundance in wild-type versusDT6SS-1 (A),DT6SS-5 (B), andDT6S (C)B. thailandensis secretomes. Proteins absent from
DT6SS-1 are indicated in each panel by filled red circles.
(D) Organization of genes encoding B. thailandensis proteins (boxed red) that specifically require T6SS-1 for export. Locus tag numbers corresponding to the
sequenced B. thailandensis E264 genome are provided. Color indicates homology.
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Effector-Immunity Pair
BTH_I0068 has a high degree of predicted structural similarity
with the CHAP family of peptidoglycan amidases, including
catalytic cysteine and histidine residues (Figure 2A) (Bateman
and Rawlings, 2003; Rigden et al., 2003). These residues are
also conserved in Tse1, which has predicted structural homology
with a related group of peptidoglycan amidases (NlpC/P60)
(Firczuk and Bochtler, 2007). We observed additional similarities
between BTH_I0068 and Tse1 beyond predicted catalytic
activity. Like Tse1, BTH_I0068 lacks a Sec signal peptide despite
its predicted function in the periplasm. Also similar to Tse1, the
Burkholderia protein lacks regulatory domains often associated
with peptidoglycan amidases. Finally, both proteins are encoded
in predicted bicistrons with a gene encoding a periplasmic
protein (Figure 1D). In the case of Tse1, this periplasmic protein
is Tsi1, an immunity protein that specifically prevents Tse1-
dependent intoxication (Russell et al., 2011). Despite their lack
of significant primary sequence homology, these observations
led us to hypothesize that BTH_I0068-BTH_I0069 constitutes
a T6S effector-immunity (EI) pair analogous to Tse1-Tsi1.
To determine the extent of functional similarity between
BTH_I0068 and Tse1, we first sought to establish whether
BTH_I0068 displays amidase activity. To test this, we incubated
purified BTH_I0068 with peptidoglycan sacculi prepared from540 Cell Host & Microbe 11, 538–549, May 17, 2012 ª2012 Elsevier IE. coli. Subsequent muramidase digestion followed by HPLC
and MS analysis of soluble products indicated that BTH_I0068
cleaves peptidoglycan tetrapeptide-tetrapeptide crosslinks at
the D,D amide bond betweenmeso-diaminopimelic acid (mDAP)
and D-alanine (Figure 2B). As certain species have higher
degrees of the nascent crosslink form (tetrapeptide-pentapep-
tide), we also determined whether BTH_I0068 is able to process
peptidoglycan crosslinks in this configuration. The activity of
BTH_I0068 was not affected by the presence of the additional
D-alanine residue, suggesting that BTH_I0068 could act broadly
as an amidase to cleave peptidoglycan crosslinks (Figure S1).
Overexpression of typical cell wall-degrading amidases is
deleterious to E. coli. However, BTH_I0068 lacks a signal
peptide and thus outside of the T6SS should be toxic only
when directed to the periplasm through the addition of an
N-terminal signal peptide. As predicted for a bacteriolytic T6S
substrate analogous to Tse1, E. coli viability was reduced only
when BTH_I0068 was artificially targeted to the periplasm
(Figure 2C and Figure S2).
Next, we asked whether the predicted periplasmic protein
encoded adjacent to BTH_I0068, BTH_I0069, functions as a
cognate immunity protein, analogous to Tsi1. Coexpression
experiments in E. coli showed that BTH_I0069 provides signifi-
cant rescue to cells expressing BTH_I0068, whereas Tsi1 failed
to provide such rescue (Figure 2C). Taken together, we concludenc.
Figure 2. B. thailandensis BTH_I0068 and BTH_I0069 Are a T6S Amidase Effector-Immunity Pair
(A) Sequence alignment of conserved catalytic motifs shared between BTH_I0068 and characterized cell wall amidase enzymes. SWISS-PROT entry names for
the proteins shown are: BTH_I0068 (Q2T2K7_BURTA), Spy_1438 (Q99Z24_STRP1), LytA (LYTA_BACSU), and Tse1 (Q9I2Q1_PSEAE).
(B) BTH_I0068 acts as a peptidoglycan amidase with specificity toward the m-DAP-D-alanine DD-bond. Partial HPLC chromatograms of sodium borohydride-
reduced soluble E. coli peptidoglycan products resulting from digestion with BTH_I0068 and subsequent cleavage with cellosyl are shown.
(C) Growth of E. coli harboring one (top panels) or two (bottom panel) vectors expressing the indicated genes. A dash indicates the empty vector. From left to right
are increasing serial 10-fold dilutions. Expression data for this experiment are shown in Figure S2.
(D) BTH_I0068 and BTH_I0069 act as a T6S-dependent toxin-immunity pair between B. thailandensis cells. Growth competition assays between the indicated
B. thailandensis donor and recipient strains under T6S-conducive conditions are shown. The DclpV1 strain is a T6S-deficient control. Asterisks mark significantly
different competition outcomes (p < 0.01). Error bars represent ± SD. n = 6.
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analogous—and not homologous—to P. aeruginosa Tse1-Tsi1.
If BTH_I0068, like Tse1, is an effector, we reasoned that
B. thailandensis should be able to intoxicate neighboring bacteria
with the protein in a T6SS-dependent manner. We tested this by
performing growth competition assays under cell contact-pro-
moting conditions. These assays revealed that B. thailandensis
recipient cells bearing a deletion of the BTH_I0068-BTH_I0069
bicistron display a fitness defect relative to wild-type donor
strains (Figure 2D). Recipient fitness was rescued either through
inactivation of T6SS-1 in the donor strain or by expression of
BTH_I0069 in the recipient cell. Together with our in vitro studies,
these data demonstrate that BTH_I0068-BTH_I0069 constitute
a T6S EI pair. Furthermore, these data suggest the model for
T6S interbacterial effector targeting derived from studies of
P. aeruginosa H1-T6SS is applicable to B. thailandensis T6SS-1.
We propose the name Tae2 (type VI amidase effector) for
BTH_I0068 and Tai2 (type VI amidase immunity) for BTH_I0069.
Identification of a T6S EI Pair Superfamily
All currently defined T6SS EI pairs lack identifiable primary
sequence homology. In spite of an inability to link EI pairs phylo-
genetically, certain physical and contextual properties appear
intrinsic to their function. We hypothesized that parametersCell Hdescribing these properties could be used in a heuristic
informatic method for the de novo prediction of EI pairs from
genomic sequences. Such an approach was previously
successful in the identification of type III secretion effectors
from the Pseudomonas syringae DC3000 genome (Collmer
et al., 2002; Petnicki-Ocwieja et al., 2002).
We initiated our search by developing a comprehensive set of
parameters describing characterized T6S EI pairs. These include
parameters common to all pairs (Figure 3A, orange), those
indicative of periplasmically targeted pairs (Figure 3A, blue),
and those specific to amidase pairs (Figure 3A, brown). Individ-
ually, the parameters describing T6S EI pairs are weak in their
discriminatory capacity. However, we reasoned that by restrict-
ing our search to amidase EI pairs, thus allowing the application
of all parameters serially, we could achieve enrichment sufficient
for computationally intensive secondary analyses.
To identify T6S amidase EI pairs, we applied our parameters
as constraints to a set of 193 phylogenetically diverse organisms
encoding T6SSs (Figure 3B). This procedure provided a group of
418 candidate EI pairs, a 99.9% reduction in the sample set. The
extent of this reduction enabled detailed examination of each
EI pair, including structure prediction analysis, already estab-
lished as a valuable means for identifying sequence divergent
amidase effectors (Russell et al., 2011). This second step furtherost & Microbe 11, 538–549, May 17, 2012 ª2012 Elsevier Inc. 541
Figure 3. Identification of a T6S Effector Superfamily
(A) Overview of shared T6S EI pair properties. Depicted at left are the four
bicistrons encoding all characterized EI pairs (this study; Hood et al., 2010;
Russell et al., 2011). Properties are divided among those shared by all EI pairs
(orange), periplasmically targeted pairs (blue), and amidase pairs (brown).
Sequences encoding signal peptideswithin immunity proteins are represented
in blue.
(B) Schematic of informatic effector identification workflow. Key steps in the
workflow are indicated: (1) filter by constraints depicted in (A), (2) application of
structure prediction criteria, (3) expansion by homology searching of the
nonredundant nucleotide database.
(C) Phylogenetic tree of T6S effectors identified by the methods depicted in (A)
and (B). The tree was based on alignment of catalytic motifs (Figure S3).
Effectors distribute into four branches, referred to as families 1–4. The back-
ground colors assigned to the families are used henceforth. Critical bootstrap
values are indicated (n = 100). The tree was rooted using equivalent catalytic
motifs of papain-like fold enzymes (Pfam clan, CL0125). Scale bar indicates
evolutionary distance in amino acid substitutions per site.
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542 Cell Host & Microbe 11, 538–549, May 17, 2012 ª2012 Elsevier Ireduced our set to 16 nonorthologous candidate EI pairs (Table
S2). Based on genomic analyses and biochemical and genetic
experiments discussed in subsequent sections, we considered
the pairs in this group as our set of high-confidence peptido-
glycan amidase effectors. In the last step of our pipeline, we
expanded the number of EI amidase pairs to 51 by searching
for homologous sequences in the entire nonredundant sequence
database (Figure 3B).
Although our search for EI pair homologs was conducted in an
unbiased data set, with only one exception, all homologous pairs
we identified reside in Gram-negative organisms encoding
T6SSs. This finding is unlikely to occur through chance, as
even when we consider the phylogenetic group most enriched
in T6S, the Proteobacteria, only a minority possess the system
(17.6%, p < 0.0001) (Boyer et al., 2009). Vertical inheritance is
one factor that clearly contributes to the nonrandom association
between EI pairs and the T6SS. However, we note that many
homologous EI pairs are found both in distantly related organ-
isms and in species with close relatives that lack T6S. The only
organism lacking a T6SS that we found to contain an EI pair is
Salmonella enterica subspecies enterica serovar Paratyphi B
(S. Paratyphi B); however, Blondel and colleagues noted the
loss of T6S in this organism was a recent event (Blondel et al.,
2009). Importantly, all effector homologs in our expanded set
contain sequence motifs characteristic of CHAP and NlpC/P60
amidase enzymes (Anantharaman and Aravind, 2003; Bateman
and Rawlings, 2003).
EI Pairs Segregate into Four Families
The 51 putative effectors discovered in our screen segregate
into four families based on overall primary sequence homology,
with Tse1 and Tae2 present in families 1 and 2, respectively (Fig-
ure S3). These families are disparate, confounding attempts to
place them in a phylogenetic context using full-length align-
ments. However, we did identify two relatively conserved motifs
surrounding predicted catalytic residues (Figure S3). Phyloge-
netic analyses based on these regions, which, owing to their
involvement in catalysis, are subject to less genetic drift, yielded
a tree with family assignments matching those derived from
full-length sequence homology (Figure 3C).
The majority of the immunity proteins identified in our search
mapped to EI bicistrons. Among these, homologous immunity
proteins distribute with homologous effectors; therefore, we
assigned immunity proteins into families reflecting their cognate
effectors. Divergence within immunity protein families was
considerably higher than that found within the effector families
(Figure S4). This is not surprising, as functional constraints on
immunity proteins (effector binding) are likely less restrictive
than those on the effectors (immunity binding and catalysis).
The remaining 23 immunity proteins group into two categories:
those associated with EI pairs (3) and those coded for by orphan
immunity genes (20). Immunity genes associated with EI pairs
appear to have arisen through gene duplication events, as in
each instance they belong to the same immunity family as the
neighboring immunity gene. In summary, we have found that
the putative T6S effectors identified in our screen distribute coin-
cident with cognate immunity proteins into four phylogenetically
discernable families. As expected based on results garnered
from detailed studies in P. aeruginosa and B. thailandensis, thisnc.
Figure 4. Representatives of Families 3 and 4 Are T6S Amidase EI Pairs
(A) Tae3TY and Tae4TM are peptidoglycan amidases with specificity for them-DAP-D-alanine DD-bond and the g-D-glutamyl-L-m-DAP bond, respectively. Partial
HPLC chromatograms are shown of sodium borohydride-reduced soluble E. coli peptidoglycan products resulting from digestion with Tae3TY or Tae4TM and
subsequent cleavage with cellosyl. The control sample was digested with cellosyl alone.
(B) Simplified representation of Gram-negative peptidoglycan showing cleavage sites of effector families 1–4 (F1–4) based on HPLC data. Cleavage specificity on
peptidoglycan with tetrapeptide (left) and pentapeptide (right) stems are depicted. Tse1 activity against pentapeptide-rich peptidoglycan has not been tested, as
indicated by yellow stars. Abbreviations: GlcNAc, N-acetylglucosamine; MurNAc, N-acetylmuramic acid.
(C) Tae3TY and Tae4TM are toxic in the periplasm, and this toxicity is rescued specifically by cognate immunity proteins, Tai3TY and Tai4TM, respectively. Growth of
E. coli harboring one (top panels) or two (bottom panel) vectors expressing the indicated genes is shown. A dash indicates the empty vector. From left to right are
increasing serial 10-fold dilutions. Expression data for this experiment are shown in Figure S2.
(D) Tae3PF is secreted in a T6SS-dependent manner. Western blot analysis of supernatant (Sup) and cell-associated (Cell) fractions of the indicated P. fluorescens
strains expressing vesicular stomatitis virus glycoprotein (VSV-G)-tagged Tae3PF (Tae3PF-V) is shown.
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nity proteins (Russell et al., 2011).
Characterization of EI Families
An important feature of the informatic approach we utilized for
defining T6S effectors is its lack of reliance on primary sequence
homology. While this non-sequence-biased approach allowed
the discovery of four highly divergent families, it also increases
the probability that one or more of these might include either
peptidoglycan amidase effectors with differing catalytic speci-
ficity, effectors with unexpected activity, or false positives not
representing effector proteins.Cell HTo test whether putative effector families 3 and 4 include cell
wall amidase enzymes, we purified one member from each
family and ascertained its activity toward E. coli peptidoglycan
sacculi. Similar to Tae2, the family 3 enzyme from S. Typhi
(Tae3TY) hydrolyses DD-crosslinks between D-mDAP and
D-alanine (Figure 4A). In contrast, the family 4 enzyme from
S. Typhimurium (Tae4TM) hydrolyzes peptide crosslinks at the
g-D-glutamyl-mDAP DL-bond, like Tse1 (Figure 4A). However,
unlike Tse1, Tae4TM cleaves acceptor and noncrosslinked
tetrapeptide stems and does not cleave the donor peptide
stem (Figure 4B). While pentapeptide-enriched peptidoglycan
is readily degraded by Tae3TY, it is a poor substrate for Tae4TM.ost & Microbe 11, 538–549, May 17, 2012 ª2012 Elsevier Inc. 543
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we next investigated whether these enzymes and their corre-
sponding immunity proteins fit additional characteristics of T6S
EI proteins that have emerged from studies of Tse1, Tse3,
Tae2, and their cognate immunity proteins. Consistent with
previously validated effectors, we found that Tae3TY and Tae4TM
are highly toxic when artificially directed to the periplasm of
E. coli, but not when expressed in their native form (Figure 4C
and Figure S2). Also, we observed that the periplasmic proteins,
Tai3TY and Tai4TM, encoded adjacent to tae3TY and tae4TM,
respectively, could rescue this toxicity.
As a final means of functionally validating the EI pairs identified
by our heuristic approach, we tested the capacity of one infor-
matically identified effector to serve as a T6S substrate. Since
most T6SSs are repressed under in vitro cultivation conditions,
and there is as yet no general means of T6S activation, we
restricted our efforts to systems with known regulation. In
Pseudomonads, certain T6SSs are posttranscriptionally regu-
lated by the Gac/Rsm pathway (Brencic and Lory, 2009; Hassan
et al., 2010; Lapouge et al., 2008; Workentine et al., 2009). This
pathway is modulated by two hybrid sensor kinases, LadS and
RetS, which activate and repress T6S, respectively. In
P. aeruginosa, deletion of retS leads to constitutive effector
export by the H1-T6SS (Hood et al., 2010).
P. fluorescens Pf-5 is closely related to P. aeruginosa and
encodes a single T6SS that is regulated by the Gac/Rsm
pathway (Hassan et al., 2010). Despite these similarities,
P. fluorescens lacks homologs of H1-T6SS substrates, Tse1–
Tse3. Interestingly, our screen identified a family 3 EI pair in
this organism (PFL_5498-PFL_5499, Tae3PF-Tai3PF), a family
not represented in P. aeruginosa (Figures S3 and S4). While
wild-type P. fluorescens did not secrete detectable amounts of
Tae3PF, an in-frame deletion of retS in this organism resulted in
constitutive secretion of the putative effector (Figure 4D, data
not shown). In order to determine if Tae3PF export occurs in
a T6S-dependent manner, we introduced an in-frame deletion
of clpV into the P. fluorescens DretS background. This deletion
abrogated secretion, demonstrating that Tae3PF is a substrate
of the P. fluorescens T6SS. In total, these data strongly suggest
that the proteins identified in our screen include four evolution-
arily distinct amidase families that act, along with their cognate
immunity proteins, as T6S EI pairs.
EI Diversity Reflects Function
Immunity proteins from bacteria-targeting pathways such as
bacteriocins andCDI systems tend to provide specific protection
against only their cognate toxins (Aoki et al., 2010; Papadakos
et al., 2012;Riley andWertz, 2002). If immunity to effector families
1–4 behaves in an analogous fashion, wewould expect that there
would not be cross-complementation of immunity proteins
between families, even for those effector families with overlap-
ping enzymatic activity. When we test all combinations of con-
firmed EI pairs, we observe that, contrary to this model, one of
the immunity proteins can provide significant protection against
two effector families (Figure 5A and Figure S2). Specifically,
Tai3TY protects against the B. thailandensis Tae2 (Tae2BT) effec-
tor in addition to its cognate Tae3TY effector. The Tai2BT immunity
protein does not protect against the Tae3TY effector, indicating
that immunity does not hold for the inverse configuration.544 Cell Host & Microbe 11, 538–549, May 17, 2012 ª2012 Elsevier IAs both Tae2BT and Tae3TY have identical activity, Tai3TY
could be capable of broadly neutralizing all DD-endopeptidases.
To examine this possibility, we used another Tae2 homolog
present in S. Typhi (Tae2TY), which we confirmed to display
D,D-endopeptidase activity (Figure S5). Tai3TY is unable to
rescue E. coli expressing periplasmic Tae2TY, demonstrating
that cross-family immunity between T6SS effector families can
be specific (Figure 5B and Figure S2). The nonoverlapping immu-
nity spectra provided by Tai2TY and Tai3TY is consistent with the
presence of both genes in S. Typhi; if Tai3TY provided immunity
to both Tae2TYand Tae3TY, there would be no pressure to retain
Tai2TY. Furthermore, the finding that immunity to effectors is
specific demonstrates that even effector families that are iden-
tical in catalytic activity are not redundant in function.
As the differences between effector families are adaptive,
we sought to determine whether the variation within effector
families also represents functional diversity. Given the
observation that Tai3TY provides immunity differentially to
Tae2BT and Tae2TY, we began by testing whether the cognate
immunity proteins of these two effector homologs have the
capacity—unlike Tai3TY—to neutralize the toxic activity of both
effectors. Our data show that Tai2TY does not provide immunity
to Tae2BT and that Tai2BT also does not protect against Tae2TY
(Figure 5C and Figure S2). This demonstrates that even though
Tae2TY and Tae2BT are homologs, their neutralization pattern
with respect to varying immunity proteins differs. However, we
did observe instances of cross-reactivity of cognate immunity
proteins between effectors within the same family. Both Tsi1
from P. aeruginosa (Tsi1PA) and Burkholderia phytofirmans Tsi1
(Tsi1BP) can rescue cells from the toxicity of Tse1PA, although
rescue by the latter is less efficient (Figure 5D and Figure S2).
We have found that the diversity in effector sequence is adap-
tive, not only with regard to catalytic activity, but also in terms of
immunity protein recognition. This observation extends from
interfamily to intrafamily diversity, indicating that there is not
a stringent selection to maintain identical EI interactions. In
contrast, the ability of one immunity protein to neutralize nonho-
mologous effectors suggests that theremay have been selection
for cross-immunity.
Distribution of Effector and Immunity Proteins
The T6S amidase EI pairs are found among b-, d-, and g-proteo-
bacteria. As depicted in Figure 6, they are particularly prevalent
in the Enterobacteriaceae, Pseudomonadaceae, and the Bur-
kholderiales. EI pairs appear to be inherited both vertically and
horizontally within phylogenetic groups, resulting in a discontin-
uous distribution of the families. Although the pairs occupy a
variety of genomic contexts, at least one member of families
2–4 is encoded within a T6S gene cluster (Figure S6). Within
T6S gene clusters, EI pairs are often encoded adjacent to hcp
genes. For one family 4 pair, this association also extends to
members encoded by genes outside of T6S gene clusters. Close
association of hcpwith EI pair loci is consistent with the previous
finding that a T6S-exported protein of Edwardsiella tarda, EvpP,
directly interacts with an Hcp protein (Zheng and Leung, 2007).
Interestingly, certain homologous EI pairs appear to be recog-
nized by disparate T6SSs. For example, Tae2BT has been
experimentally demonstrated to require T6SS-1 for export
(Figures 1 and 2), whereas tae2TY is located within Salmonellanc.
Figure 5. Immunity Proteins Display Varying Noncognate Effector Neutralization
(A) Tai3TY is an exception to a simple cognate effector-immunity protection model. All panels in this figure show the growth of E. coli harboring vectors coex-
pressing the indicated effector and immunity proteins. Immunity proteins were induced identically in all panels. Error bars represent ± SD (n = 3). Expression data
for all experiments are provided in Figure S2. Asterisks in (A), (B), and (C) indicate immunity proteins that provided significant protection above the empty vector
control (p < 0.05).
(B) The immunity provided by Tai3TY against Tae2BT does not extend to all family 2 effectors. Data demonstrating the catalytic activity of Tae2TY on peptidoglycan
are shown in Figure S5.
(C and D) Effector proteins of the same family are not always recognized by all immunity proteins of that family. Coexpression of either Tae2BT or Tae2TY with
Tai2BT or Tai2TY is shown in (C). Coexpression of Tse1PA with Tsi1PA or Tsi1BP with either lower (10 mM IPTG) or higher (25 mM IPTG) induction of Tse1PA is
shown in (D). Asterisks denote instances in which immunity proteins provided significantly lower protection against Tse1PA at higher induction levels of the
effector (p < 0.05).
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organism (Figure S6). While the effectors belong to the same
family, their associated T6SSs are distantly related (Boyer
et al., 2009; Schwarz et al., 2010b). The secretion of multiple
effector families by a single secretion system also appears to
occur. The genomes of several S. enterica serovars containing
only the SPI-6 T6SS encode EI pair families 2–4 (Blondel et al.,
2009). In total, these data strongly suggest that a single effector
family can be secreted by divergent T6SSs and that a single
T6SS can utilize a diversity of amidase effectors.
A critical observation made in our study is that effector
proteins strictly co-occur with cognate immunity proteins (Fig-
ure 6). As peptidoglycan amidase effectors are toxic only in the
periplasm, and they access that space exclusively by intercel-
lular transfer through the T6S apparatus, the co-occurrence of
effectors with immunity proteins demonstrates a strong selec-
tion due to active self-intoxication. The only exception we
observed is that in certain B. mallei strains Tai2 is encoded by
an apparent pseudogene, while the adjacent tae2 locus remainsCell Hintact. Importantly, the T6SS responsible for intercellular delivery
of Tae2, T6SS-1 (based on B. thailandensis orthologs), is muta-
tionally inactivated in B. mallei (Schwarz et al., 2010a, 2010b).
This example further underscores the generality of selection for
immunity via the process of self-intoxication.
In contrast to our observation that effector genes always
co-occur with immunity genes, 27% of the immunity proteins
we identified were not encoded adjacent to intact effector genes
(Figure S6). This argues that there is a selective pressure to retain
immunity even in the absence of cognate effectors and thus
supports a role for T6S in antagonistic interspecies interactions.
Notable examples of this phenomenon are found in pathogens
that inhabit polymicrobial environments at some stage of their
life cycle, such as Yersinia pestis and S. Typhimurium.
DISCUSSION
We have developed and implemented a sequence homology-
independent means for confidently identifying T6S effectorsost & Microbe 11, 538–549, May 17, 2012 ª2012 Elsevier Inc. 545
Figure 6. T6S Cell Wall Amidase Effector and Immunity Proteins Are Broadly Distributed
Phylogenetic tree depicting the distribution of select effector and immunity proteins in families 1–4. Trees are based on the 16 s rRNA tree of life from Silva’s Living
Tree project (http://www.arb-silva.de/projects/living-tree/). For each species all effector and immunity proteins present in any genome are noted; however, due to
variability at the species level, not all member organisms in the groupmay have all effector and immunity proteins shown. Additional data concerning the genomic
context of effectors and immunity proteins are found in Figure S6.
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four broadly distributed, phylogenetically distinct families of
T6S amidase EI pairs. Given current limitations in identifying
T6S effectors through strictly experimental means, this method
stands to significantly increase our ability to study the functional
significance of the system. Our findings have already led to
several key insights into the mechanism, function, and evolu-
tionary significance of T6S. While our current approach enriches
for effectors with amidase function, the heuristic nature of our
method allows for the addition of parameters as they become
known. This could allow the removal of constraints specific to
enzymatic activity, thereby facilitating the discovery of effectors
with assorted functions.
Structural variability in peptidoglycan can provide protection
against lytic proteins (Vollmer, 2008). As Gram-positive organ-
isms lack an outer membrane, this protection is considered
critical to their survival in certain environments (Davis and
Weiser, 2011). Our work has demonstrated that the peptido-
glycan of Gram-negative bacteria may also be subject to
frequent attack via T6S. Thus, modifications to its structure,
such as D-amino acid substitutions and changes to the crosslink
position, might serve a protective role against T6S amidase
enzymes (Cava et al., 2011; Lam et al., 2009; Magnet et al.,
2008). Interestingly, our analyses of T6S cell wall effectors
have revealed distinct cleavage specificities against Gram-
negative peptidoglycan. The selection for variable specificity546 Cell Host & Microbe 11, 538–549, May 17, 2012 ª2012 Elsevier Icould be indicative of a molecular arms race occurring between
donor and recipient bacteria.
Thus far we cannot reliably predict noncognate effector
recognition by immunity proteins. We observe instances that
violate the simple model that effector relatedness correlates to
immunity recognition. This could be explained by a conserved
interaction site on the effector protein that binds highly divergent
immunity proteins. Alternatively, effector inactivation might
proceed through nonconserved immunity protein interactions
and even through nonconserved mechanisms. In this case,
homology may be a poor predictor of binding because residue
positions participating in the EI interface could differ. Structural
insights into EI interaction will be critical for developing an
accurate molecular model of the interplay between effector
and immunity sequence variation.
A relatively nondiscriminating interbacterial EI pathway such as
the T6SS has the potential to assist in our comprehension of
bacterial interaction networks and community structure. The
implications of orphan immunity proteins might be most easily
interpreted, as these proteins are presumably present only for
defensive purposes. For example, the presence of an orphan
immunity protein within one organism that has evolved to
specifically recognize an effector encoded by a second organism
suggests that these two organisms compete and interface in
their natural environment. Likewise, dissimilar organisms with a
matching repertoire of T6S EI pairs might cooperate, and relatednc.
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distribution and diversity of T6S EI pairs is consistent with
expectations. In general, we observe an enrichment of EI pairs
in organisms that occupy habitats with relatively dense and rich
populations of bacteria, such as the soil and the gastrointestinal
tract (GI tract) (Roesch et al., 2007; Walter and Ley, 2011). This
trend also holds for pathogens; EI pairs are overrepresented
in pathogens that colonize polymicrobial sites such as the GI
tract and chronic wounds in comparison to those that elicit
disease from sterile sites. Whether the T6S EI pairs of pathogens
are adaptive for life within the host, persistence in the environ-
ment, or a combination of these remains to be determined.
The divergence of effector recognition by immunity proteins
both within and between effector families suggests that T6S
effector loci might drive speciation and kin recognition. The
evolution or acquisition of EI pairs, incompatible with the
ancestral EI pair, would render strains incapable of cooperating
in the formation of multicellular aggregates with those carrying
the ancestral locus. This would produce a barrier to the flow of
genetic information between strains and potentially allow for
the divergence of species (Cohan, 2002; Majewski, 2001).
EI loci might also function in kin discrimination, allowing bacteria
to exclude non-kin organisms from their local environment and
thus prevent those organisms from benefitting from the
production of common goods (Strassmann et al., 2011). In either
case further studywill be required to ascertain the role of EI loci in
sociomicrobiology and community organization.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Growth Conditions
B. thailandensis andP. fluorescens strains used in this study were derived from
the sequenced strains E264 and Pf-5, respectively (Kim et al., 2005; Paulsen
et al., 2005). E. coli strains included in this study included DH5a for plasmid
maintenance, BL21 pLysS for expression of effectors for toxicity assays,
SM10 for conjugal transfer of plasmids into P. fluorescens, and Shuffle
Express T7 lysY (New England Biolabs) for purification of effectors. Growth
conditions for all strains and plasmid and strain construction details are
described in Supplemental Experimental Procedures.
E. coli Toxicity Measurements
E. coli toxicity assays were performed as described previously with minor
modifications (Russell et al., 2011). Full details in Supplemental Experimental
Procedures.
Western Blot Analyses
Western blotting was performed as described previously for a-VSV-G and
a-RNA polymerase (Russell et al., 2011). The a-His5 western blots were
performed using the Penta-His HRP Conjugate Kit according to manufac-
turer’s instructions (QIAGEN).
Burkholderia Competition Assays
Cells were grown overnight to stationary phase and diluted to an optical
density at 600 nm (OD600) of 5 before being mixed 1:1 and spotted on a nitro-
cellulose membrane on LB-LS 3% agar. Plate counts were taken of the initial
inoculum and again after 24 hr of competition. Donor cells for all experiments
were labeled with a GFP-expression construct integrated into the attTn7 site
as previously described, allowing donor and recipient colonies to be disambig-
uated through fluorescence imaging (Schwarz et al., 2010b). Statistical anal-
yses were performed using a two-tailed Student’s t test.
Purification of Effector Proteins
For purification, effector proteins were expressed in pET29b+ vectors in
Shuffle Express T7 lysY cells (New England Biolabs). The proteins wereCell Hpurified to homogeneity using previously reported methods, except that in
all steps no reducing agents or lysozyme were used (Mougous et al., 2004).
Bioinformatics Screen
A bioinformatics search of type VI secretion-positive genomes for bicistronic
operons that may encode EI pairs was performed with the constraints
described in Figure 3A. Homologs of candidate EI pairs from this search
were identified using a tblastn search of the NCBI nonredundant nucleotide
database (ftp://ftp.ncbi.nih.gov/blast/db/). Additional details and methods
to calculate both prevalence of T6SS in sequenced Proteobacteria and the
probability of association of putative EI pairs with T6SSs are described in
Supplemental Experimental Procedures.
Alignments and Phylogenetic Reconstruction
All sequences were obtained from NCBI (http://www.ncbi.nlm.nih.gov/). Full-
length alignments were created in Geneious software using the MUSCLE
algorithm (Edgar, 2004). Catalytic alignments were created manually based
on conserved regions surrounding the predicted catalytic cysteine and histi-
dine residues. For outgroup analysis, the homologous catalytic regions were
obtained from the PFAM seed alignment for family Peptidase C1 (PF00112,
http://pfam.sanger.ac.uk/). Phylogenetic tree was constructed using Genei-
ous software using the PhyML algorithm with 100 bootstraps for statistical
analysis (Edgar, 2004).
Secretome Preparation
B. thailandensis secretome preparations were prepared similarly to those used
to identify substrates of the H1-T6SS of P. aeruginosa (Hood et al., 2010). Cells
were grown in Vogel-Bonner minimal medium containing 19 mM amino acids
as defined in synthetic CF sputummedium (Palmer et al., 2007), 1% Tween 80,
and 0.5% v/v glucose. Log-phase cells were harvested at a final OD600 of 1.0.
Proteins were prepared as described previously (Wehmho¨ner et al., 2003).
Pseudomonas fluorescens Secretion Assays
Overnight cultures of P. fluorescens strains harboring a Tae3-V-expressing
plasmid were subinoculated 1:1000 into LB supplemented with 100 mM
IPTG and grown at 30C to mid-log phase. Cultures were then harvested
and cell and supernatant fractions prepared as previously described (Mou-
gous et al., 2006).
MS Sample Preparation and Analysis
Three biological replicates of wild-type samples were used to establish the
reference secretome of B. thailandensis. All T6S mutants were analyzed as
biological duplicates. Each biological sample was analyzed in triplicate as
described elsewhere (Hood et al., 2010). Full details in Supplemental
Experimental Procedures.
Enzymatic Assay
The activities of amidase effector proteins on E. coli peptidoglycan sacculi
were performed as described previously with minor modifications, as detailed
in Supplemental Experimental Procedures (Russell et al., 2011).
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, two tables, and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.chom.2012.04.007.
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